In this study, activated carbon (AC) prepared from cork powder was used in synthesis of AC stabilized nano-zero-valent iron (AC/NZVI) composite and evaluated phosphate (PO 4 3− ) removal efficiency from aqueous solution. The as-obtained AC/ NZVI was characterized by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) and X-ray diffraction (XRD) analysis. Response surface methodology based on a three-level, three-factor, Box-Behnken design (B.B.D.) has been employed for determination of optimal combination of three significant process factors or variables such as temperature, solution pH and AC/NZVI dose, for maximum removal of PO 4 3− from aqueous solution. Based on B.B.D. experimental design, a limited number of experiments were performed in a cost-effective manner at initial PO 4 3− concentration of 211 mg L −1 as a fixed input parameter. A statistically validated quadratic model was developed to predict the responses in the form PO 4 3− removal capacity from aqueous solution and adequacy of the model was evaluated using regression analysis and analysis of variance. The model predicted maximum PO 4 3− removal capacity of the AC/NZVI was 152.12 mg g −1 under the optimal condition of process variables (temperature 60 °C, pH 3.5, and AC/NZVI dose 0.4 g L −1 ) which was strictly closer to the experimental value (151.10 mg g −1 ) obtained in batch experiment under the same optimize condition of process variables. The result of the study inferred that all three factors had a significant impact on removal of PO 4 3− .
Introduction
Phosphorus (P) is highly significant for growth of organism and plants in ecosystem and also in industry (Zhang et al. 2017) . In natural streams of water, phosphorous is present in phosphate (PO 4 3− ) form. It is very essential resource for agricultural and industrial products (You et al. 2016) . However, water quality becomes affected due to huge application of detergents, synthetic fertilizers as well as animal-based fertilizers, pigment formulation etc. which produces high amount of phosphate in aqueous streams. The presence of P, less than 1 mg/L from municipalities and industries is often responsible for eutrophication in receiving water bodies (Zhang et al. 2009 ). Quality and sustainability of aqueous streams is affected by eutrophication which is one of the severe problems worldwide. Reduction level of oxygen in an aqueous stream can be caused by eutrophication which rises environmental degradation and produces substantial financial effects on drinking water supplies and fisheries (Singh and Singh 2016) . Thus, it is of great importance to develop simplest and efficient method in order to remediate the water contaminated with PO 4 3− . Nanoscale zero-valent iron (NZVI) have been widely used in various studies for the decontamination of water. It was recognized to be an auspicious adsorbent in the treatment of water contaminated with Cr (VI) (Singh et al. 2011) , As (V) (Du et al. 2014) , Cd (II) (Boparai et al. 2011) , nitrate (Singh et al. 2012a ) and PO 4 3− (Almeelbi and Bezbaruah 2012) and halogenated organic compound (Xu et al. 2013) . Low-cost,
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226 Page 2 of 9 low noxious, small footprint and easy to get are some of the advantages of material which can fulfill the requirements for environmental remediation application. The techniques of NZVI are very effective in treatment of both organic and inorganic contaminants (Sleiman et al. 2016; Liu and Lowry 2006) . In situ and ex situ applications, iron nanoparticles provide enormous flexibility and were also proved as a sensitive material in permeable reactive barriers. However, there are still some problems associated with practical applications of nanoparticles such as nanoparticles tend to aggregate and suffer from the absence of robustness under oxic conditions and mechanical strength (Sleiman et al. 2016 ). In addition, without any proper supportive materials, a direct use of NZVI in water remediation application causes iron pollution in water as well as also loses its efficiency due to its tiny particle size. Hence, in order to avoid these issues, it is very important to load NZVI onto proper supporting materials for the treatment of contaminated water (Zhu et al. 2009 ). Large surface area, high surface reactivity, and pore size distribution make activated carbon as widely used adsorbent for water and advanced wastewater treatment. When activated carbon modified by iron, it can be an excellent adsorbent and also exhibit magnetic behavior. Due to this ability, under an external magnetic field, these are easily separable from the liquid phase (Lv et al. 2012 ). To prepare activated carbon supported NZVI (AC/NZVI) and analyze its effectiveness in PO 4 3− removal from water were the objectives of this study. Activated carbon was chosen as supporting materials for NZVI because of its porous structure and excellent properties in mechanical strength.
Besides the development of supported NZVI, effective removal of ions from water depends on several process variables such as temperature, initial pH of the solution, dose of the applied nanoparticles or adsorbent and contact time. Zhang et al. (2009) investigated the removal of phosphate from water using Fe-Mn binary oxide adsorbent. This adsorbent was synthesized by oxidation and co-precipitation process. Authors evaluated effect of contact time, effect of pH, initial phosphate concentrations and effect of coexisting anions on the adsorption of phosphate. In this study, it was observed that the removal of phosphate from aqueous solution by this oxide was highly pH dependent. In addition, Wang et al. (2011) studied the adsorption of phosphate onto activated carbon modified by iron from aqueous solution. They also observed that temperature and initial pH of the solution have significant effects on the removal of phosphate. Thus, in order to get best removal efficiency of the adsorbent, it is very essential to optimize the selected significant removal process variables. However, no attempt has been made so far for the optimization of the independent process variables such as initial pH, temperature, dose of the nanoparticles for maximizing the PO 4 3− removal efficiency using AC/NZVI. Optimization of process variables using conventional approach, where only one parameter is varied at a time and all others parameters remain constant, consumes more time and requires a lot of experiments number in order to get optimum levels of process variables (Singh et al. 2011) . Thus, such type of optimization approach increases the experimental cost as well as also fails in assessment of cumulative effect of selected variables of removal process simultaneously. Such type of problems can be overcome by the consideration of the statistical experimental design approach. Nowadays, several experimental methods have been used in multiple variable optimizations (Singh et al. 2012b ). Response surface modeling (RSM) is one of the popular statistical techniques which is generally used for optimization of process analysis and modeling. Application of RSM, in removal process, offers several advantages such as low experimental cost and high precision in prediction of optimum level of each variable. However, no information available in the literature related to the optimization of PO 4 3− removal by AC/NZVI. Therefore, the main aim of this study was to synthesize and characterize the application of AC/NZVI and evaluate the maximum efficiency for PO 4 3− removal from water streams using Box-Behnken design (BBD) under RSM.
Experimental

Materials
All chemicals and reagents used in the study were of AR grade. By dissolving the required amount of potassium dihydrogen phosphate (KH 2 PO 4 ) in distilled water, stock solution of PO 4 3− was prepared. Stock solution of PO 4 3− were further diluted into desired concentration of PO 4 3− . All chemicals were obtained in purity > 99%. Diluted hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used in order to adjust the desired pH of the test solutions.
Preparation of Ac/NZVI
The activated carbon used as supporting materials for NZVI was prepared from raw materials cork powder waste. Method for preparation of cork activated carbon (CAC) is described elsewhere (Mestre et al. 2007 ). Briefly, the CAC was prepared by treating cork powder and K 2 CO 3 in a ratio of 1:1 (w/w) and same were kept in furnace for calcinations. Temperature was raised up to 700 °C in the presence of nitrogen flow at the rate of 10 °C min −1 and remains 1 h in furnace. Prepared product was cooled down unto the room temperature in the presence of nitrogen atmosphere. Prepared material was then washed properly with distilled water until pH 7 and dried at 100 °C.
By reducing ferric ion (FeCl 3 ) to Fe 0 using borohydride (NaBH 4 ) reduction method, activated carbon supported zero-valent iron (AC/NZVI) was prepared (Zhu et al. 2009 ). Firstly, one gram of CAC was equilibrated with 30 mL 1.0 M N 2 -purged ferric chloride solution for 3 h. Then, the slurry was diluted up to 100 mL using a mixture of ethanol and deionized water (v/v 70:30) . 100 mL of 1.0 M NaBH 4 was added dropwise (30-40 drop/min) into the slurry at 25 °C with magnetic stirring and N 2 bubbling. Ferric ion was reduced to zero-valent iron according to the following reaction.
After agitation of 30 min, via vacuum filtration, AC/ NZVI was separated from the liquid phase; in order to clean up the residual reagent on AC/NZVI particles, it was further washed three times with the help of ethanol and the resulting black solid vacuum-dried at 45 °C, and stored in N 2 -purged desiccator.
Characterization of ZVINPs
The surface morphologies of the developed bimetallic particles were investigated using SEM, ZEISS, model SUPRA VP 40 (Germany). The X-ray diffraction (XRD) pattern of AC/ NZVI was determined using X-ray diffractometer (Panalytical X'pert Pro) at 40 kV and 30 mA. The instrument used copper Kα radiation (λ = 1.54 Å) to produce X-rays with a wavelength of 1.54060 Å. Fourier transform infrared spectroscopy (FTIR) of the activated carbon was obtained using the Perkin Elmer FTIR model RX1 (USA)in the range of 4000-450 cm −1 . Magnetic properties were analyzed using a vibrating sample magnetometer (EV 7 VSM, USA) with a magnetic field of 17.5 KOe. The BET specific surface area (S BET ) was measured using the nitrogen absorption method with Autosorb-1C (Quantachrome, USA) surface area analyzer.
Batch experimental procedures
Batch experiments of PO 4 3− removal based on BBD were featured to investigate the effects of the selected process variables such as initial pH, temperature (T) and AC/NZVI dose (D) on PO 4 3− removal by AC/NZVI in aqueous medium. A number of conical flasks containing 50 mL, in each conical, of PO 4 3− solution of fixed concentration were placed in a thermo-controlled (± 1 °C) water bath shaker for 1 h at 120 rpm at pre-decided temperatures (20-60 °C) to achieve equilibrium during the experiment. On the basis of the result obtained from preliminary experiments, the contact time was selected. When the desired temperature reached, a fixed amount of the material was added to each flask and the solutions were shacked agitated mechanically. At predecided intervals of time, the solutions of the conical flasks were separated from AC/NZVI by filtration using 0.2 µm (1)
polyethersulfone (PES), syringe filter and further analyzed using spectrophotometric method to determine the amount of PO 4 3− left in solution. All batch experiments were performed in triplicate, and the mean of them was taken for all calculations.
Analytical methods
Using spectrophotometric measurement (Perkin Elmer UV-visible spectrophotometer model Lambda-35), the initial and final concentrations of PO 4 3− in the solution were determined Absorbance values were recorded at the wavelength 690 nm by adding molybdate reagent. The PO 4 3− concentration was measured using UV-Visible spectrophotometer with a 1-cm light-path cell, with an absorbance accuracy of ± 0.004 at λ max . Using pH meter (Model 744, Metrohm, Switzerland), pH measurements were made and initial pH of the solution were adjusted using dilute hydrochloric acid or sodium hydroxide solution. Removal capacity of PO 4 3− , q e (mg g −1 ) of the AC/NZVI was calculated as (Singh et al. 2012a );
where C o is the initial concentration (mg l −1 ), and C e is the final concentration (mg l 
BBD for experimental design approach and optimization
The combination of RSM with the experimental design is a very useful technique in order to evaluate the interaction among selected variables and optimize the variables with the save time and reduce cost. Herein, BBD, which is the most popular experimental design in RSM, was utilized to optimize the selected phosphate removal parameters. The three parameters known to have a significant effect on removal of phosphate such as temperature (T), solution pH and dose of AC/NZVI composite were selected as independent process variables and each them was at three levels. The highest, lowest and middle levels of the selected independent process variables were coded as 1, 0 and − 1, respectively (Singh and Singh 2016) . Thus, on the basis of three-factor threelevel BBD, a total of 15 experimental set were produced using the following equation:
where N is the total number of experiments, C 0 is a number of replication of experiments at central points to define the experimental error, and k is the number of selected independent variables for optimization of removal process. In
general, 3-6 center points are recommended for experimental sets with BBD (Singh et al. 2012b) . In this study, 3 center points were taken in total of 15 experimental sets. The range, limits, units and notations of the selected variables are given in Table 1 . Due to the three levels of each factor, a mathematical relationship between them was fitted to quadratic polynomial model as follows (Eq. 3) for the prediction of phosphate removal capacity under a certain set of experimental condition.
where Y is the predicted removal capacity as a response, β 0 is the model constant, β i , β ij and β ii are the linear, interaction and quadratic coefficient terms, respectively. The X i , X j are coded form of the values of the selected process variables, and e represents the model error.
The above equation (Eq. 3) further can be expressed more clearly by the addition of name of each selected process variables in the place of X i and X j . Thus, the quadratic polynomial model for the PO 4 3− removal capacity (mg g −1 ) of the developed AC/NZVI in terms of response variable (Y) can be expressed as:
where X T , X pH , and X D are the coded form of the selected process variables (temperature, initial pH of solution, and AC/NZVI dose). Equation 4 was analyzed for the data obtained using Design Expert 8.0.7.1 (trial version), and the regression model was proposed. The model coefficients (β i ) were estimated in order to predict the response (Y) as phosphate removal capacity at different combinations of the coded values of the variables.
The analysis of variance (ANOVA) of the quadratic model was utilized to evaluate the adequacy of the proposed model and to identify the significance of significance of the independent variables and their interactions. In addition, fit quality of the developed quadratic model was evaluated by the coefficient of determination (R 2 ), the root-mean-square
error of prediction (RMSEP), and the relative standard error of prediction (RSEP) (Singh et al. 2010 (Singh et al. , 2012b .
Response optimization
The developed quadratic model was used to select the optimum conditions of the independent variables within their experimental ranges for achieving maximum removal of PO 4 3− from aqueous solution by AC/NZVI. In order to justify the good prediction ability of the model for PO 4 3− removal, five experiments sets were carried out as replicates at the optimum conditions of variables predicted by the model.
Results and discussion
Characterization of ZVINPs
The SEM image of AC and AC/NZVI is shown in Fig. 1a , b. It could be seen that nanoparticles were roughly circular and also having coarse and rough morphology. The AC maintains the high surface area and reactivity by preventing the agglomeration of metal particles. From the figure, it is clear that on the surface, the metal particles are well attached. The size of AC/NZVI was in the range of 20-60 nm in diameter. The course and rough morphology of nanoparticles provides sites having high reactivity than the smooth morphology and, thereby, was in favor of removal process by AC/NZVI in aqueous solution (Singh et al. 2011) .
The XRD pattern of ZVINPs is shown in Fig. 2 . The peak in the XRD pattern is relatively broad because of the small size of particles. The diffraction peak at 2θ of 44.7° as shown in Fig. 2 corresponds to the existence of the iron in its zero valent (Fe).
The rate of reaction and kinetics of the system are significantly influenced by the surface area of the adsorbent in water remediation process. When available surface area is increased, more reactive sites are available. The porous structure of the activated carbon was significantly altered after the loading of NZVI. The surface area of AC and AC/NZVI was found to be 335 m 2 g −1 and 88.29 m 2 g −1 , respectively. The surface area of AC/NZVI was lower in comparison with the AC; this observation inferred that after the loading of NZVI, most of the pores of AC were blocked.
Response surface optimization
BBD experiments, model results and statistical analysis
The experiments sets were carried out according to the BBD program to designate the maximum phosphate removal capacity (mg g −1 ) of the AC/NZVI from aqueous solution and to evaluate the interactive and individual effects of the selected variables (temperature, solution pH and AC/NZVI dose) on removal of PO 4 3− by AC/NZVI. 3− removal capacity of as-obtained AC/NZVI by all experimental data and capacity predicted by the developed quadratic model (Fig. 3) . The value of R 2 observed in this study is 0.985 which is in reasonable agreement with the Adj R-Squared (R 2 adj , 0.959). This high value of R 2 indicates higher capability of this model because present model is able to explain 98.5% of the experimental results for the selected variables (temperature, solution pH and AC/NZVI dose).
In addition, the adequacy of the quadratic model was also assessed in terms of the RMSE and RSEP. As a result, a considerably low RMSEP (3.45) and RSEP (0.435) values indicate that this quadratic model is acceptable for prediction of optimum condition of selected variables (Singh et al. 2011 (Singh et al. , 2012b Yetilmezsoy and Saral 2007 ).
Effects of model components and their interactions on PO 4 3− removal
The linear, quadratic and interactive coefficients of quadratic model were evaluated in terms of significant and nonsignificant by the use of Student's t test and p values. The results of p and t test values are shown in Tables 3 and 4 , respectively. It has been reported that in the regression model the smaller magnitude of the p value and larger the t value is two essential factor for a parameter to be (Meng et al. 2007; Shao-Feng et al. 2005) . As shown in Table 3 , except T 2 and D 2 , all the linear and quadratic terms are statistically significant with the p value lower than 0.02. (p < 0.05). Moreover, among all three interactive terms, X T × X D and X pH × X D were found statistically significant, while X T × X pH was not significant. Thus, it can be concluded that PO 4 3− removal capacity of AC/NZVI was strongly influenced by the selected process variables such as temperature (T), pH and AC/NZVI dose (D). A broad range of variation in PO 4 3− removal efficiency was observed in terms of response factor (33.85-140.58 mg g −1 ) in the experimental batch study.
In addition, the standardized effects of the selected process variables and their interactions on the PO 4 3− removal efficiency of AC/NZVI were investigated by the Pareto chart analysis. The Pareto chart is shown in Fig. 4 , which is significantly helpful to investigate the results.
It was observed that the initial pH of the test solutions offered the largest effect on PO 4 3− removal process. A similar trend is also exhibited by the regression coefficients in quadratic model Eq. (5). The percent contribution (PC) is the ratio of SS of an individual term to that of sum of SS for all the terms in final quadratic model (Singh et al. 2011; Yetilmezsoy and Saral 2007) , as The PC values for all the term of the final model was computed, and results are shown in Table 4 .
It is evident from Table 4 that, as computed to other components, pH of the test solution showed the highest level of significance with a contribution of > 45.
Three-dimensional response surface plots
In order to clarify the effect of selected process variables on efficiency in removal of PO 4 3− , the three-dimensional (3D) surface curves were plotted based on the quadratic model with two factors for each graph and their response (Fig. 5a-c) (Singh et al. 2012b; Yetilmezsoy and Saral 2007) . The combined effect of temperature (20, 40 and
60 °C) and solution pH (3.5, 5.0 and 6.5) on PO 4 3− removal efficiency at constant AC/NZVI dose of 0.8 g L −1 is exhibited in Fig. 5a . The PO 4 3− removal efficiency of AC/NZVI increases with increasing temperature, whereas, declines with increase in initial pH of solution within their selective experimental range of variables. Such a behavior of effect of temperature may be understood that an increase in temperature would enhance mobilization of the reacting species (Singh et al. 2011) . However, effect of pH is well rational with the assumption that solid surface acquired positive/negative surface charge in solution during removal process (Zhu et al. 2009 ). It has been reported that AC/NZVI surface acquires positive charge at pH below the point of zero-charge (˃ 7.2) and negatively charged at pH higher than the point of zero-charge. Thus, with the increase in initial pH of PO 4 3− solution, the positive charge on the AC/NZVI surface has become reduced and does not favor the adsorption of PO 4 3− due to electrostatic repulsion (Shao-Feng et al. 2005) . A maximum ) and temperature (20, 40 and 60 °C) at constant pH of PO 4 3− solution (5.0) are shown in Fig. 5b . It is evident that PO 4 3− phosphate removal decreases with the dose of adsorbent and increases with the temperature in their selected experimental range. This observed behavior may be understood that at higher dose, the nanoparticles in the aqueous medium may agglomerate, reducing the number of active sites on the surface, hence lowering the removal capacity (Singh et al. 2011) . The maximum PO 4 3− ion removal efficiency was 123.60 mg g −1 at constant pH of PO 4 3− solution (5.0). Figure 5c shows the interactive influence of AC/NZVI dose and initial pH of solution on removal of PO 4 3− from aqueous solution at constant temperature (60 °C). It is evident that PO 4 3− removal efficiency declines with these both variables. At this situation of constant temperature maximum, PO 4 3− removal of 140.58 mg g −1 was obtained.
Optimum condition of PO 4 3− removal and verification
The optimization of the selected process variables was featured using quadratic model within the range of selected range for removal process. The optimum value of the three selected process variables was predicted by the developed quadratic model as; temperature 60 °C; initial pH of solution 3.5 and AC/NZVI dose 0.4 g l −1 to achieve the maximum removal (152.11 mg g −1 ) of the PO 4 3− in aqueous solution. The model predicted removal efficiency was further verified by the laboratory experiments as suggested optimum conditions of process variables. ). The good agreement between experimental and predicted results verified the validity of model and the existence of an optimal point. This indicates that RSM is an important technique for the optimization of process variables and for determining the exact optimum values.
Conclusions
A Box-Behnken experimental design was used to investigate the influence of key factor such as temperature, solution pH, and AC/NZVI dose on aqueous PO 4 3− removal by AC/NZVI with the response surface methodology. ANOVA results showed a high value of coefficient of determination (R 2 = 0.985), indicating the satisfactory fitting of the developed quadratic model second-order polynomial regression model with the experimental data. Process optimization was carried out under the optimal conditions of selected variables of removal process; the maximum PO 4 3− removal capacity of AC/NZVI was found to be 151.10 mg g −1 , which is very close to the experimentally determined value (152.12 mg g −1 ) and > 8.0% which is higher than un-optimized removal capacity (140.58 mg g −1 ). It is concluded that the presence of AC as a supporting agent with NZVI prevented agglomeration of the resulting NZVI and thus maintained the high surface area and potential reactivity of the nanoparticles. The pH of the test solution produced the largest effect on PO 4 3− removal process in aqueous medium by AC/NZVI and can be used for removal of PO 4 3− from water under optimized conditions.
